Depletion of glutathione, an important antioxidant present in red cells, has been reported in type 1 diabetes, but the mechanism of this depletion has not been fully characterized. Glutathione depletion can occur through decreased synthesis, increased utilization, or a combination of both. To address this issue, 5-h infusions of L-[3,3-2 H 2 ]cysteine were performed in 16 diabetic adolescents divided into a well-controlled and a poorly controlled group and in eight healthy nondiabetic teenagers as control subjects (HbA 1c 6.3 ؎ 0.2, 10.5 ؎ 0.6, and 4.8 ؎ 0.1%, respectively). Glutathione fractional synthesis rate was determined from 2 H 2 -cysteine incorporation into blood glutathione. We observed that 1) erythrocyte cysteine concentration was 41% lower in poorly controlled patients compared with well-controlled patients (P ‫؍‬ 0.009); 2) erythrocyte glutathione concentration was ϳ29% and ϳ36% lower in well-controlled and poorly controlled patients compared with healthy volunteers; and 3) the fractional synthesis rate of glutathione, although similar in well-controlled and healthy subjects (83 ؎ 14 vs. 82 ؎ 11% per day), was substantially higher in the poorly controlled group (141 ؎ 23% per day, P ‫؍‬ 0.038). These findings suggest that in diabetic adolescents, poor control is associated with a significant depletion of blood glutathione and cysteine, due to increased rates of glutathione utilization. This weakened antioxidant defense may play a role in the pathogenesis of diabetes complications. Diabetes
G
lutathione (␥-glutamyl-cysteinyl-glycine), the most abundant small peptide in the body, is present at millimolar concentrations in the intracellular milieu in most tissues and plays a pivotal role in the defense against oxidative stress (1) . In human blood, the bulk of glutathione is found inside erythrocytes (ϳ2 mmol/l), whereas the plasma glutathione concentration is extremely low (ϳ10 mol/l). In erythrocytes, glutathione is the main "redox buffer" in charge of the maintenance of iron in its reduced form, a prerequisite for hemoglobin's function. Erythrocyte glutathione has a rapid turnover rate (ϳ60 -100% per day) (2-6) and arises from de novo synthesis from its constituent amino acids glutamate, cysteine, and glycine.
Depletion of blood glutathione has been documented in many clinical situations such as malnutrition (3) , severe burn injury (4), human immunodeficiency virus (HIV) infection (5) , and diabetes, both type 1 and type 2 (7) (8) (9) . Glutathione depletion may have adverse consequences in diabetic patients, independent of glycemic control, and it may weaken the defense against oxidative stress. This could cause damage to protein, DNA, or membrane lipids and thus potentially lead to cell dysfunction in various tissues. In diabetes, increased oxidative stress is known to play a decisive role in the pathogenesis of vascular complications (10, 11) . In addition, glutathione depletion may adversely affect insulin sensitivity, since oxidative stress impairs insulin-sensitive glucose transport in adipocytes (12) , potentially through activation of nuclear factor B (13). In contrast, glutathione infusion was found to enhance glucose disposal in patients with type 2 diabetes (14) and decreased erythrocyte sorbitol levels (15) . The latter is a well-known factor in the development of diabetic neuropathy and eye disease. Finally, experimental studies suggest oxidative stress alters insulin secretion by damaging islet ␤-cells (16) , and systemic measures of oxidative stress correlate with insulin requirement in patients with type 1 diabetes (17) .
Although glutathione depletion has been observed in diabetes, the mechanisms responsible for this depletion are not fully understood. Because the glutathione pool is turning over rapidly, depletion of blood glutathione could result from 1) a decreased rate of synthesis, 2) an increased rate of utilization, or 3) a combination of the two. Recently, we developed a method to determine the rate of glutathione synthesis in vivo, by monitoring the incorporation of a labeled precursor amino acid into newly formed blood glutathione during the course of a stable isotopelabeled amino acid infusion (18) . The aim of the present study was therefore to determine 1) whether the rate of blood glutathione synthesis was altered in adolescents with uncomplicated type 1 diabetes and, 2) if so, whether these alterations were related to the degree of glucose control. The kinetics of erythrocyte glutathione were thus assessed using infusions of stable isotope-labeled cysteine in three groups of matched adolescents: 1) healthy control volunteers, 2) well-controlled diabetic subjects, and 3) poorly controlled diabetic teenagers.
RESEARCH DESIGN AND METHODS
The day before each infusion study, solutions of sterile, pyrogen-free D-[6,6-2 H 2 ]glucose and L-[3,3-2 H 2 ]cysteine (98 and 97.5% 2 H 2 , respectively; both purchased from Cambridge Isotope Laboratories, Andover, MA) were prepared using an aseptic technique by dissolving accurately weighed amounts of tracers in known volumes of sterile, 0.9% saline, passed through a 0.22-m Millipore filter and stored at 4°C in sterile sealed vials until infusion. Homoglutathione (glutamyl-cysteinyl-alanine) was obtained from Bachem Chemicals (King of Prussia, PA), and all other chemicals came from SigmaAldrich (St. Louis, MO).
A total of 24 adolescents participated in the study, after written informed consent was obtained from themselves and their parents or legal guardians, according to protocols approved by the Nemours Children's Clinic Research Committee and the Institutional Review Committee at Baptist Medical Center (Jacksonville, FL). Patients were enrolled in three different groups of eight adolescents each: 1) a group with poorly controlled type 1 diabetes, as defined by HbA 1c Ͼ9% after Ͼ6 months of diabetes, with no evidence of renal, ocular, or vascular complication; 2) a group with well-controlled type 1 diabetes, as defined by HbA 1c Ͻ7% after Ͼ6 months of diabetes, and with no evidence of diabetes complications; and 3) healthy matched nondiabetic adolescents who served as control subjects.
Protocol design is depicted in Fig. 1 . On the night before the isotope infusion study, each subject was admitted to the Clinical Research Center at Wolfson Children's Hospital, Jacksonville, Florida. Weight was measured, and body fat mass was assessed by determination of skinfold thickness with Harpenden calipers. Each diabetic subject received his or her usual dose of short-acting insulin by subcutaneous injection before dinner. Those wearing an insulin pump were kept on their usual boluses and basal subcutaneous insulin infusion rates overnight, and the patients who were using multiple shots were kept on their usual nighttime insulin regimen. All remained fasting overnight until completion of the study at 1300 the following day.
On the following morning at 0700, two short catheters were placed: one in a forearm vein for isotope infusion and the other in a contralateral hand vein. During the sampling period, the hand was placed in a heating pad at 60°C to obtain arterialized venous blood (19) . During the morning of study, patients remained fasting and did not receive any subcutaneous insulin, but each patient was connected to an intravenous drip of regular human insulin. Blood glucose was monitored at 30-min intervals, and the rate of intravenous insulin was adjusted so as to maintain blood glucose either between 80 and 160 mg/dl (for the "well-controlled" group) or between 180 and 240 mg/dl for the "poorly controlled" group, until completion of the isotope infusion at 1300. Serum electrolytes and urine ketones were checked periodically throughout the infusion.
At 0800, a primed continuous infusion of Ϫ1 ⅐ h Ϫ1 , respectively) was started and continued for 5 h. A total of 10 ml arterialized venous blood was obtained at Ϫ15 and 0 min and at 30-min intervals between 120 and 300 min of the isotope infusion, for measurement of hematocrit, plasma glucose concentration, and 2 H 2 -glucose enrichment and for the determination of the concentration and 2 H 2 enrichment of erythrocyte free cysteine and glutathione. At 1300, isotope infusion was discontinued, and patients received an appropriate dose of subcutaneous regular insulin, ate lunch, and were discharged from the hospital. The healthy subjects underwent similar isotope infusion studies, but without any insulin administered. Analytical procedures. Erythrocyte free cysteine was analyzed using a modification of the method described by Capitan et al. (20) . Blood was collected into ice-cold EDTA glass tubes and immediately centrifuged at 5,000g for 20 min at 4°C to separate the red cell pellet from plasma. Plasma was discarded and replaced by an equal volume of ice-cold distilled water to hemolyze red cells. Samples were vortexed and stored at Ϫ80°C until analysis. A 1.5-ml aliquot of hemolyzed red cell sample was pipetted into a glass tube containing 850 l of 0.2 mol/l phosphate buffer, 39 mol dithiothreitol, and 1.5 mol penicillamine (dimethylcysteine) as an internal standard. Samples were shaken, adjusted to pH 8.5 with 0.8 mol/l NaOH, and left at room temperature for 15 min. Samples were then deproteinized with 375 l 50% sulfosalicylic acid, spiked with 375 l of 0.2 mol/l phosphate buffer, vortexed until homogenization, and then centrifuged at 3,000g for 15 min at 10°C. Supernatants were collected and adjusted to pH 7.5 with 0.8 mol/l NaOH. After adding 200 l ethylchloroformate (to derivatize cysteine's NH 2 and SH groups), samples were shaken for 10 min at room temperature, then adjusted to pH 1.5 using 1 mol/l HCl, and transferred into screw-cap vials containing 0.5 g NaCl. Cysteine was extracted by shaking for 1 min in 4 ml peroxide-free diethyl ether. The ethereal phase was collected and evaporated under nitrogen at 50°C, and samples were incubated for 10 min at 80°C with 250 l of 1 mol/l HCl in methanol to methylate cysteine's carboxylic group. Samples were evaporated under nitrogen at room temperature, and the dry residue was dissolved in 400 l ethylacetate and analyzed using an HP 5971 gas chromatograph mass spectrometer as described (20) . Ions at m/z ϭ 220 and 222, representing natural and 2 H 2 -cysteine, respectively, were selectively monitored to assess 2 H 2 -cysteine enrichments; ions at m/z ϭ 160 and 147, representing natural cysteine and penicillamine, respectively, were used to assess cysteine concentrations. Erythrocyte cysteine concentrations are expressed per milliliter of whole blood and represent both free cysteine and free cystine concentrations.
The concentration and isotopic enrichment of erythrocyte glutathione were determined by gas chromatography mass spectrometry as described (18) Table 1 , groups were well matched for age, sex, and BMI. By design, the two diabetic groups differed by their glycohemoglobin levels; yet the duration of diabetes did not differ, and none of the diabetic patients had any detectable complications (data not shown). Glucose kinetics. Blood glucose was maintained at near steady state in all groups, with mean coefficients of variation (coefficient of variation ϭ 100 ϫ SD/mean) over the last 2 h of the study at 2.9 Ϯ 0.4, 6.6 Ϯ 2.0, and 6.1 Ϯ 0.9% in healthy subjects and well-controlled and poorly controlled diabetic patients, respectively. Mean blood glucose during the last 5 h of the study was 89 Ϯ 2, 116 Ϯ 9, and 246 Ϯ 10 mg/dl in healthy volunteers and wellcontrolled and poorly controlled diabetic subjects, respectively. None of the patients developed ketosis during the study, and serum bicarbonate did not differ between groups (25 Ϯ 2, 25 Ϯ 2, and 27 Ϯ 2 mmol/l, NS, in healthy subjects and well-controlled and poorly controlled diabetic patients, respectively). Glucose production (Ra) was 1.924 Ϯ 0.049, 2.368 Ϯ 0.152, and 3.084 Ϯ 0.244 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 in healthy adolescents and well-controlled and poorly controlled adolescents, respectively. As expected, Ra values were higher in both diabetic groups (P ϭ 0.012 and P ϭ 0.0002 vs. control subjects) than in control subjects, and the difference between the diabetic groups was significant as well (P ϭ 0.039). Cysteine kinetics. Erythrocyte cysteine concentrations remained constant throughout isotope infusion. Erythrocyte cysteine concentration was slightly, but not significantly (P ϭ 0.139), higher in well-controlled diabetic patients (30 Ϯ 3 mol/l) compared with healthy volunteers (23 Ϯ 3 mol/l). In contrast, it was 41% lower (P ϭ 0.009) in poorly controlled diabetic subjects (18 Ϯ 2 mol/l) compared with the well-controlled group of diabetic patients (30 Ϯ 3 mol/l). The difference between the poorly controlled group and healthy subjects did not reach statistical significance (18 Ϯ 2 vs. 23 Ϯ 3 mol/l, P ϭ 0.189) (Fig. 2) healthy volunteers and well-controlled and poorly controlled patients, respectively). As a consequence of the lower cysteine concentration, cysteine metabolic clearance rate was significantly elevated in the poorly controlled diabetic subjects compared with well-controlled diabetic subjects (3.8 Ϯ 0.3 vs. 2.5 Ϯ 0.3 l ⅐ kg Ϫ1 ⅐ h
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; poor control versus good control, P ϭ 0.013) but not when compared with healthy subjects (3.8 Ϯ 0.3 vs. 3.5 Ϯ 0.7 l ⅐ kg Ϫ1 ⅐ h Ϫ1 ; P ϭ 0.686). Glutathione kinetics. Erythrocyte glutathione concentration (Fig. 3 ) was ϳ29% lower in the well-controlled diabetic group compared with the healthy volunteers (1,435 Ϯ 120 vs. 1,026 Ϯ 103 mol/l, P ϭ 0.002) and ϳ36% lower in the poorly controlled group (1,435 Ϯ 120 vs. 922 Ϯ 77 mol/l, healthy subjects versus poorly controlled patients, P ϭ 0.015) and correlated negatively with HbA 1c (Fig. 4) . The difference between the two diabetic groups was not statistically significant (P ϭ 0.405).
Because glutathione synthesis occurs inside red cells, precursor 2 H 2 -cysteine enrichment was measured in erythrocytes and reached steady state in all groups by the end of the third hour of isotope infusion, whereas the 2 H 2 enrichment in erythrocyte glutathione increased linearly with time (Fig. 5) . The FSR of erythrocyte glutathione, calculated from the rate of incorporation of labeled cysteine into blood glutathione as a function of time, was 83 Ϯ 14%/day in healthy adolescents (Fig. 3) . Whereas glutathione FSR was unaltered in well-controlled diabetic subjects (82 Ϯ 11%/day, P ϭ 0.964), it was substantially (ϳ70%) higher in poorly controlled diabetic patients, when compared with either healthy subjects (141 Ϯ 23 vs. 83 Ϯ 14%/day; P ϭ 0.038) or the well-controlled group (141 Ϯ 23 vs. 82 Ϯ 10%/day; P ϭ 0.028). Glutathione absolute synthesis rate, as calculated by FSR ϫ glutathione concentration, did not differ between groups (1.239 Ϯ 0.325, 0.835 Ϯ 0.135, and 1.252 Ϯ 0.179 mmol ⅐ l Ϫ1 ⅐ day Ϫ1 in control subjects and well-controlled and poorly controlled patients, respectively).
DISCUSSION
The present study demonstrates that 1) blood glutathione is significantly depleted in adolescents with uncomplicated type 1 diabetes, compared with an age-and sexmatched group of healthy volunteers; and 2) the depletion is not due to a decrease in the rate of glutathione synthesis, but occurs despite either unaltered or accelerated rates of glutathione fractional synthesis, depending on the quality of blood glucose control. The results further provide evidence for a depletion of blood cysteine in poorly controlled diabetic adolescents, potentially due to increased use of cysteine in the synthetic pathway for glutathione. Taken in aggregate, the data suggest glutathione depletion arises from increased glutathione utilization. This is particularly compelling, considering these are young subjects in adolescence. Regardless of the mechanism(s) involved, depletion of glutathione and cysteine may have deleterious long-term consequences, since it may impair the body's antioxidant capabilities, and oxidative stress is presumed to play a key role in the pathophysiology of diabetes complications.
Cysteine is considered a semi-essential amino acid, as it can be synthesized from methionine, an essential sulfur amino acid. Yet cysteine has been found to be the limiting amino acid for glutathione synthesis in patients suffering from malnutrition (22) , HIV infection (2), or severe burns (5). We are not aware of previous studies of cysteine turnover in patients with type 1 diabetes. Although erythrocyte cysteine concentration and turnover were found to be normal in the group of adolescents who were in good control, the small number of patients enrolled in the current study may have precluded the detection of more subtle alterations in the well-controlled group. We nevertheless observed significant alterations in cysteine metabolism in the poorly controlled diabetic teenagers. Because erythrocyte cysteine concentration-expressed in micromoles per milliliter of whole blood in the current reportultimately represents the amount of cysteine present in a given volume of fluid, alterations in blood volume could, in theory, result in artificially low cysteine levels. Elevation of blood glucose level can alter blood osmolality and, by attracting water into systemic circulation, dilute blood substrates in poorly controlled diabetic patients, which would result in artificially lower cysteine concentrations. Dilution does not however seem to account for the lower cysteine concentrations in the current study, since 1) hematocrit did not differ between groups (Table 1 ) and, 2) accordingly, when erythrocyte cysteine concentrations were recalculated per milliliter of red blood cells-using a correction for hematocrit-erythrocyte cysteine concentrations (53 Ϯ 19, 70 Ϯ 10, and 43 Ϯ 3 mol/l in healthy subjects and well-controlled and poorly controlled diabetic patients, respectively) were still significantly lower (P ϭ 0.02) in poorly controlled diabetic subjects compared with well-controlled diabetic subjects.
In the postabsorptive state, maintenance of the cysteine pool depends on the balance between endogenous cysteine production and cysteine utilization. Overall, cysteine production, as estimated based on erythrocyte-labeled cysteine enrichments, was unaltered in the diabetic patients in the current study. This may seem paradoxical. A higher rate of cysteine release from protein breakdown is indeed likely in type 1 diabetic patients, since 1) insulin is a potent inhibitor of protein breakdown (23) and 2) insulin deficiency has consistently been found to be associated with a rise in leucine Ra in poorly controlled type 1 diabetes (24, 25) . Yet, contrary to leucine, cysteine is not an essential amino acid, so cysteine release from proteolysis is not the sole source of endogenous cysteine, and other sources contribute free cysteine in the postabsorptive state, such as 1) de novo cysteine synthesis from methionine and 2) degradation of glutathione to its constituent amino acids, glutamate, cysteine, and glycine. We have every reason to assume that cysteine release from protein breakdown was increased; we therefore speculate that either cysteine de novo synthesis or the release of cysteine from glutathione breakdown was lower in the poorly controlled diabetic group. Because conversion of glutathione to cysteine is a major source of cysteine (26) , the depletion in blood glutathione in poorly controlled patients may be responsible for a decrease in cysteine release, which may offset the rise in cysteine release from proteolysis.
The depleted cysteine pool, despite unaltered overall cysteine production, nevertheless points to increased cysteine "wasting" as a likely mechanism for cysteine depletion, as suggested by the increased cysteine metabolic clearance rate in the poorly controlled patients (Fig. 2) . Increased urinary loss of cysteine could, in theory, con- tribute to the lower cysteine concentration. As incorporation of cysteine into glutathione is a major pathway in cysteine utilization (26) , increased erythrocyte glutathione synthesis could contribute as well, since glutathione synthesis was enhanced in the poorly controlled group. Accordingly, the absolute synthesis rate of glutathione accounted for 6.4 Ϯ 0.9% of cysteine turnover in the poorly controlled group compared with 4.2 Ϯ 0.8% in the wellcontrolled group (P ϭ 0.035, one-tail t test).
The 29 -36% depletion in blood glutathione observed in the current study is consistent with the 17-32% lower glutathione concentrations reported by others in patients with both type 1 (7, 8) and type 2 diabetes (9), compared with control subjects. Because glutathione has a rapid turnover, maintenance of the glutathione pool depends on its rates of synthesis and utilization. Erythrocyte glutathione arises from de novo glutathione synthesis from its constituent amino acids. Glutathione synthesis begins with the formation of ␥-glutamyl-cysteine, a reaction catalyzed by ␥-glutamylcysteine synthase, and the subsequent addition of the glycine moiety by glutathione synthetase. Although alteration in any of these steps can obviously alter the cell's capacity to maintain its glutathione pool, the current study rules out impairment of synthesis as a potential mechanism. Depending on the quality of blood glucose control, glutathione fractional synthesis rate indeed was either unaltered or dramatically elevated (in the poorly controlled group). Moreover, glutathione absolute synthesis rate, an index of the overall amount of glutathione produced per day, did not differ significantly between the groups. Although Murakami et al. (27) measured decreased rates of glutamyl-cysteine synthetase in red cells from diabetic patients, enzyme activities measured in isolated cells in vitro may not reflect the exact conditions prevailing in vivo.
If the erythrocyte glutathione pool is depleted despite an unchanged or an increased rate of synthesis, we have to postulate an increased rate of glutathione utilization. Glutathione can be used to "detoxify" reactive oxygen species such as hydrogen peroxide (H 2 O 2 ), a process in which glutathione is oxidized to the dimer glutathione disulfide in a reaction catalyzed by glutathione peroxidase. Reduced glutathione in turn is regenerated from glutathione disulfide by glutathione reductase in a reaction requiring NADPH as a cofactor (28) . NADPH is produced solely by the conversion of glucose-6-phosphate to 6-phosphogluconolactone in the pentose phosphate pathway. Because elevation of blood glucose generates oxidative stress through alterations in the mitochondrial electron transport chain (11) , increased oxidative stress could contribute to increased glutathione utilization. This is, however, unlikely to happen inside erythrocytes because these cells lack mitochondria. Alternatively, the conversion of glucose to sorbitol in the polyol pathway, a reaction mediated by aldose reductase, uses NADPH as its mandatory cofactor and may compete for NADPH with glutathione reductase, thus impairing glutathione "regeneration." Accordingly, treatment of type 2 diabetic patients with an aldose reductase inhibitor was shown to decrease erythrocyte sorbitol and increase glutathione level (29) .
Regardless of the mechanisms responsible for the alterations in blood cysteine and glutathione pools, their depletion may have adverse consequences. In diabetic rodents, changes in erythrocyte glutathione are accompanied by parallel changes in the glutathione content of liver or retina (8, 27, 30, 31) , and piglets receiving protein-restricted diets had similar changes in glutathione synthesis rate and concentration in blood and gut mucosa (32) . The depletion of blood glutathione observed in the current study therefore may reflect alterations in glutathione pools in other tissues such as vascular endothelium, where impaired antioxidant defense may precipitate diabetes complications (10) .
In summary, the current study using stable isotope methodology provides strong evidence for alterations in blood glutathione and cysteine homeostasis in vivo in adolescents suffering from type 1 diabetes when in poor glucose control. The glutathione and cysteine depletion are likely to arise from increased glutathione utilization. It remains to be determined whether the replenishment of blood cysteine and/or glutathione pools can be achieved by dietary measures and whether it would have beneficial effects in adolescents with type 1 diabetes.
